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Available online 18 January 2016AbstractThe aim of this paper is to investigate the characteristics of the signal of local ice load acting on side shell in the bow part due to ice broken by
an icebreaker in ice-covered waters. The Korean icebreaking research vessel “ARAON” voyaged to the Arctic Ocean during the summer of
2010, and measurements of local ice load were carried out using several strain gauges. In this study, the time history of measured signals was
analyzed and the characteristic values including rising time and half-decaying time were presented using non-dimensional parameters.
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With melting ice caps covering the Arctic Ocean, the
Northern Sea Route (NSR) between the Far East and Europe,
which had historically been almost impossible to pass, has
been opened up for a small number of commercial ships
during summertime. It is known that large potential resources
are buried in the Arctic Ocean. Recently, the US government
announced that it was granting permission for further drilling
in certain areas in the offshore of Alaska. All these factors
may imply another boom in Arctic development (ISSC,
2012).
These trends are expected to increase the demand for ice-
breakers. According to SeatradeGlobal (2014), joint ventures
involved in the Yamal LNG project in Russia have recently* It is noted that this paper is a revised edition based on the manuscript of
the 28th Asian-Pacific Technical Exchange and Advisory Meeting on Marine
Structures (“Analysis of local ice load signals measured on an arctic voyage in
2013”, TEAM2014).
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Daewoo Shipbuilding & Marine Engineering (DSME). The
vessels will be designed to operate in ambient temperatures as
low as minus 50 C, and to navigate independently in ice more
than 2.1 m thick. The first train from the Yamal plant is ex-
pected to come on-stream in 2017. The LNG carriers are also
set to spur the development of the NSR, which has been
attracting an increasing amount of attention over the last few
years as a shorter, alternative route to Asia as summer ice in
the Arctic recedes.
In designing and building an ice breaker and an ice
strengthened ship for operation in ice-covered waters
including the Arctic Ocean, it is very important to estimate the
ice load, because ice load is the most dominant load acting on
the vessels. To correctly estimate the ice load, a study on the
shipeice interaction has been carried out (Choi and Jeong,
2008). Ice loads may be conveniently categorized as local
ice loads and global ice loads (ABS, 2011). Local ice loads are
often defined as the ice pressure acting on a part of the hull
structure. Global ice loads are usually the bending moment on
hull girder. In general, local ice pressures depend on ice type,
ice thickness, iceestructure interaction, and dominant ice
failure modes (ISSC, 2012).n and hosting by Elsevier B.V. This is an open access article under the
Fig. 2. Typical Arctic Ocean ice condition (Choi et al., 2011).
Fig. 3. Idealized impulsive pressure history.
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receives ice load, which leads to damage to the hull structure.
To understand the response characteristics of ice load to the
hull structural members, it needs to identify the time history of
applied loads on the hull structure from the ice. A total four ice
breaking performance tests were performed in the 2010 Arctic
voyage of Korea's first icebreaking research vessel, ARAON
(Kim et al., 2011a). In this study, for the sake of convenience her
operation modes were divided into ice breaking operation and
normal operation. Ice breaking operation means operation for
the above four ice breaking performance tests (Fig. 1). Normal
operation is the state of operation when she moves in an ice area
excluding the four ice breaking performance tests (Fig. 2).
Jeon et al. (Jeon et al., 2013) have carried out an analysis of
the unique profile for ice load measured in ice breaking oper-
ation in the Arctic Ocean. In the study, the authors investigated
profiles with one or two intermediate peaks before reaching the
maximum ice load, and found that these profiles have triple the
rising time compared to signals without intermediate peaks.
In this study, in addition to the previous survey, further
analysis was carried out by using various ice load profiles
which were measured during normal operation in the Arctic
Ocean in 2010. The applied data set were developed from the
previous study (Lee et al., 2014). Among the measurements
for the total of 23,400 s in normal operation data, 91 ice load
profiles higher than 50 MPa based on the stress were investi-
gated and analyzed.
2. General properties of fluid impact pressures
Fluid impact pressures acting on a ship include slamming,
sloshing, and green water. Of these, fluid impact pressure by
sloshing can be idealized as Fig. 3. At this time, the pressure
decreases in the form of an inverse exponential function after
reaching the maximum value in a very short time. If fluid flow
continues for a certain period of time, it also shows a long tail
profile. But this tail part has low pressure, which is sometimes
ignored when considering the damage to the structure. This
fluid impact pressure is characterized by four variables:
maximum pressure, rising time until the maximum pressure,
decaying shape, and duration. Lee et al. (2007) also found aFig. 1. ARAON in the Arctic Ocean (Kim et al., 2011b).case with a so-called ‘impulsive tail’ of the form like Fig. 3 in
slamming pressure on a large container ship traveling in the
North Pacific. In addition, they performed the analysis based
on geometric characteristics as the above measured pressure
profile.
Meanwhile, Cuomo et al. (2011) summarized a few
models related to time history of impulsive and quasi-static
wave loads acting on caisson breakwater. These models are
for the analysis of the dynamic response under impact load.
They also distinguished the initial impact load and the
following quasi-static load. Fig. 4 is the summary of main
profiles by Cuomo et al. In the figure, profiles proposed by
Lundgren (1969), Oumeraci and Kortenhaus (1994) and
Shimosako et al. (1994) simplify only impact pressure, and
the other three models include the quasi-static load effect
after impact pressure action. The quasi-static loading part is
to simplify the tail as described with slamming. Of the
various models, the model proposed by Shimosako and
Takahashi (1999) has been the most widely adopted in
Japan to evaluate the sliding of breakwater when wave im-
pacts to caisson breakwater. The model has been treated as a
sine wave quasi-static load.
To understand the response characteristics of ice load to the
hull structural members, it is necessary to identify the time
history of applied loads on the hull structure from the ice. In
Fig. 4. Wave impact-time history models against caisson breakwaters (Goda,
1994; Oumeraci et al., 2001). Fig. 5. Location of strain gauges.
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while referring to the fluid impact pressure. Though the
characteristics of fluid impact pressure differ from ice load in
terms of their physical aspects, the shape characteristics of
load signal according to the fluid impact show similar trends in
the signal parts such as shape peak and decaying shape (in-
verse exponential form).
3. Overview of the Arctic Ocean ice load measurement
The measurement for local ice load acting on bow side of
ARAONwas carried out during JulyeAugust 2010 in the Arctic
Ocean. ARAONwas constructed by Hanjin Heavy Industries in
2009. It had a test voyage in Antarctica in early 2010, and this
voyage was its first Arctic voyage. Table 1 gives the principal
particulars of ARAON (Kim et al., 2011a). In order to measure
the local ice loads of bow side, strain gauges were installed at
the port side internal shell plating of bow thrust room, as shown
in Fig. 5 (Lee et al., 2014). The vertical position of the second
deck is 7100 above base line and the knife edge for the ice-
breaking is installed at the bottom of Fr. 109.Table 1
Principal particulars of the ARAON.
Length, O.A. (m) 111.0
Length, B.P. (m) 95.0
Beam, Maximum WL (m) 19.0
Design Draft (m) 6.8
Summer Max. Draft (m) 7.6
Gross Tonnage (ton) 7487
Propulsion Motors (kW) Aquamaster 2  5000
Main Power Engines (kW) MAN B&W 7L32/40
Diesel-electric 4  3500
Speed (knots, at 7500 kW) 16.0
No. of Crew and Scientists 85
Operation Range (naut. miles) 20,000
Ship Class Korean Register PL10
Ice Performances (Design Target) Speed 3 knots in 1 m level ice
with flexural strength of no less
than 630 kPa4. Anaysys of ice load profile during normal operation4.1. Classification of the ice load profileDuring normal operation, 91 peaks higher than 50 MPa
were selected and analyzed. Only peak data higher than
50 MPa were selected in order to focus on a relatively high
stress level. The peak data profiles were classified into five
main types as shown in Fig. 6. The criterion for classification
is whether an intermediate peak occurs in rising and/or
decaying period.
The first type is the case without any intermediate peak.
This type has the typical triangle profile with a vertex. The
second type has one or more intermediate peaks in the rising
period, and the third type has an intermediate peak in the
decaying period. The 4th type is a very rare case in which
intermediate peak points occur in both time periods of the
rising and decaying periods. And the last type, which is not
included in the above four types, has complex shapes. But the
following two cases were neglected in counting the interme-
diate peak: One is when the value of an intermediate peak is
lower than 30% of the maximum peak, and the other is when
the falling value just after the intermediate peak occurs is
lower than 50% of the intermediate peak value. It might be
more reasonable for the peak profile with the above one and/or
both cases to be treated as a new signal profile.4.2. Method for calculation of time variablesAmong the above-mentioned main variables, the duration
was replaced as a half-decaying time in consideration of a
variety of extinction modes. Although this variable is included
in wave profile such as impulsive tail of fluid impact load, it
may also be used to estimate the time when the peak stress is
dissipated with the exception of the structurally negligible
part. Fig. 7 schematically shows a method for computing the
rising time to maximum pressure and 1/2 decaying time with
respect to triangle profile (a) and profile with an intermediate
peak (b). As the measured data set often did not have accurate
Fig. 6. Four typical profiles of the measured local ice loads.
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interpolation method was applied.4.3. Analysis on properties of ice load profileProfile was categorized by applying the criteria to the total
of 91 peaks. The triangle form is most common, and was
found in 67 cases. The number of profiles with an intermediate
peak in rising was 13, and the number of profiles with anFig. 7. Calculation of risingintermediate peak in decaying was 7. Two profiles had an
intermediate peak at rising and decaying. Two cases could not
be classified into any of the above four types.
Total peak data is summarized as shown in Table 2,
including the peak stress, the rising time and half-decaying
time by type of the profile. In the table, Smax means the
peak stress, Tr the rising time, Thd the half-decaying time and
Speed ship speed over ground (SOG). For type I with a
triangular profile, which was the largest type in terms ofand half-decaying times.
Table 2
Summary of local ice load signals.
Type Smax (MPa) Tr (sec) Thd (sec) Speed (knots)
I Max. 141.20 0.39 0.15 9.90
Min. 50.06 0.04 0.02 2.43
Ave. 71.98 0.10 0.06 6.03
II Max. 144.34 0.49 0.11 8.99
Min. 50.06 0.09 0.03 3.68
Ave. 68.54 0.25 0.06 5.95
III Max. 155.52 0.21 0.24 7.62
Min. 51.28 0.08 0.01 4.36
Ave. 81.36 0.14 0.12 5.99
IV Max. 79.36 0.324 0.338 7.18
Min. 64.16 0.138 0.180 3.40
Ave. 71.76 0.231 0.259 5.29
V Max. 69.28 0.490 0.365 2.90
Min. 57.28 0.250 0.173 1.90
Ave. 63.28 0.370 0.269 2.40
Stress top 10 Max. 155.52 0.18 0.10 6.95
Min. 102.10 0.06 0.01 3.79
Ave. 121.57 0.10 0.06 5.21
Total Max. 155.52 0.49 0.37 9.90
Min. 50.06 0.04 0.01 1.90
Ave. 72.02 0.14 0.07 5.92
Fig. 8. Comparison of stress top 3 profiles.
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reduced as compared to all types of data.
The data measured in normal operation is given in Table 3
to show the physical relationship among the ice property, the
type of signal and the highest ice concentration during the
measurements from Aug 7th. Meanwhile, Type II case with an
intermediate peak in the rising process has a rising time that is
0.11 s longer on average, as shown in Fig. 7(b). But the half-
decaying time is almost similar to that of Type I. From these
trends, the effect of the intermediate peak in rising could be
understood. Furthermore, an intermediate peak is reaching the
level of about 48% compared to the peak stress.
In addition, the number of cases in which the stress is
higher than 100 MPa is 10. The measured maximum stress is
155.52 MPa, which can be classified into type III with the
intermediate peak in decaying. The second highest stress is
144.34 MPa, which is the type II with the intermediate peak inTable 3
Summary of measurements and ice conditions.
Date Test No. No. of type Estimated ice
concentration
No. o
20 M
I II III IV V
07e31 1 8 1 e e e 6 52
2 7 1 2 e e 6 27
3 4 1 e e e 4e5 51
4 6 2 1 e e 54
08e01 1 6 e e e 1 8 51
08e07 1 5 2 1 e 1 9 112
2 6 2 2 e e e 114
3 6 1 e 1 e e 57
4 5 2 e e e e 57
5 3 1 1 e e 7e8 42
6 4 e e e e e 27
08e08 1 3 e e e e 9 41
2 4 e e e e e 33
Sum 67 13 7 2 2 718rising. But the remaining eight data have a triangular form;
that is, they were classified into type I. Therefore, you can
check that the time variable is slightly reduced as compared to
all types of data. The top three stress profiles are shown
separately in Fig. 8, and the profile expressed by the dotted
line profiles is similar to the calculation model simplified as
Fig. 4 by Shimosako and Takahashi (1999). However, it does
not fall into a negative region ().
For Type III with an intermediate peak in decaying, half-
decaying times tended to increase on average due to the in-
termediate peak, as expected. Since the half-decaying time is
the time when the stress is reduced to 50% of peak stress, the
half-decaying time is increased if there is an intermediate
peak. Otherwise it is the same as the triangular form, in which
the effect of the intermediate peak was not accounted for. In
four out of seven cases, the stress level of the intermediate
peak is higher than 50%.
The relationship between peak stresses and rising times is
given in Fig. 9. In this figure, it can be seen that the rising time
is relatively shorter in the case of higher stress. In particular,
the rising time in the case of stress higher than 100 MPa was
less than 0.18 s from ‘stress top 10’ shown in Table 2. Fig. 10
shows the relationship between ship speed (SOG) at peakf peak over
Pa
Estimated ice thickness, m Remark
0.5e1.0
0.5e1.0 Almost water
0.5e1.0
0.5e0.7
0.5e1.0
0.7e1.0 Almost multi-year ice
e
e
e
0.5 Almost 2nd year ice
1.3
1 Ridge, multi and 2nd year ice
~1.2 2nd year, one big floe
Fig. 9. Relationship between stresses and rising time.
Fig. 10. Relationship between ship speed and rising time.
Fig. 12. Relationship between ship speed and half-decaying time.
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and ship speed according to the rising time shows an inverse
proportion, and this phenomenon is mostly found in type I
profile.
Figs. 11 and 12 show the relationship between the peak
stress and ship speed according to the half-decaying time. For
the decaying time, its trends are very similar to the rising time.Fig. 11. Relationship between stresses and half-decaying time.5. Comparison with existing ice load profiles
Frederking (1999) has presented measured ice load profile
with estimated ice thicknesses and ship speed by using strain
gauges on a Canadian icebreaker, the Louis S. St. Laurent.
Fig. 13(a) and (b) are from this report, and are very useful to
analyze the profile for this study.
The data are selected from summer transit made to the
North Pole by the St. Laurent in 1994. The hull was
instrumented with strain gauges to measure the local ice
load. Time series were recorded for a number of impact
events at a rate of 100 Hz. Additional information on ice
condition, nature of impact and ship speed were documented.
An area of 7.2 m long by 3 m high just below the waterline,
and midway between the stem and the shoulder, was
instrumented on the St. Laurent. The top of this area is about
0.75 m below the waterline. Six frames were instrumented
(Frederking, 1999).
From these figures, profiles show a rapid rise and decay at
the faster ship speed, and it can also be found that some
profiles in slow speed have a long tail in decaying. In the
measurement of ARAON, the maximum duration considering
rising and half decaying times is about 1.23 s
(0.49 s þ 2  0.37 s). In case of 4 m/s in Fig. 13(a) of St.
Laurent, the duration is estimated as about 3.8 s, which is a
very long time compared to the data of ARAON.
In addition, in these measured profiles it can easily be
found from the figures that the intermediate peak appears in
almost all cases. The reason for a lot of the intermediate peak
seems to be the characteristics of the sea ice. In other words,
sea ice that is two years old or less is known to be considerably
less hard than freshwater-ice because the ice that is less than
two years old is mixed with brackish water. Furthermore, the
thickness is low and the strength of the ice floe is weak as it
has not been formed for as long. If this ice bumps a solid
structure such as a hull structure, the initial ice shape including
the first contact area does not keep up to the maximum load,
and some of it will be broken. Another possible case is that ice
pieces broken by the bow front can be rotated by the current
while moving backward as the ship moves forwards.
Fig. 13. Profiles for Louis S. St. Laurent, glancing impacts.
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This study analyzes the local ice load profile measured in
bow side in normal operation, not icebreaking test, during the
2010 summer Arctic voyage of the icebreaking research
vessel, ARAON. For the practical approach, the measured
stress were selectively accepted with more than 50 MPa stress
magnitude and investigated. As a result, the following con-
clusions can be drawn:
 A total of 91 profiles were processed from the total data
and analyzed. The processed data were divided into five
types, including a triangle profile which represents the
profile of a typical fluid impact pressure. The five types of
criteria were classified according to whether or not an
intermediate peak in rising and/or decaying period occurs,
on the basis of the triangle profile.
 According to the classification results, the portion of tri-
angle profiles is the largest one, at approximately 73.6%.
Profiles with an intermediate peak in rising represent about
14.3%, and profiles with an intermediate peak in decaying
about 7.7%.
 Of the profiles with stress higher than 100 MPa, triangle
profiles are the majority, about 80%. Time variables of
rising and half decaying times of these profiles are rela-
tively shorter, by 0.2 s. Compared with the ship speed for
stress top 10 profiles, the ship speed was not at a higher
level than in other cases; rather, the level was slightly
lower. This result shows that other factors such as ice
condition and iceeship interaction also affect the ice load.Acknowledgements
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